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Abstract  
Cable structures find many applications such as in power transmission, in anchors and especially in 
bridges. They serve as major load bearing elements in suspension bridges, which are capable of spanning 
long distances. All bridges, including suspension bridges, are designed to have long service lives. 
However, during this long life, they become vulnerable to damage due to changes in loadings, 
deterioration with age and random action such as impacts. The main cables are more vulnerable to 
corrosion and fatigue, compared to the other bridge components, and consequently reduces the 
serviceability and ultimate capacity of the bridge. Detecting and locating such damage at the earliest stage 
is challenging in the current structural health monitoring (SHM) systems of long span suspension bridges. 
Damage or deterioration of a structure alters its stiffness, mass and damping properties which in turn 
modify its vibration characteristics. This phenomenon can therefore be used to detect damage in a 
structure. The modal flexibility, which depends on the vibration characteristics of a structure, has been 
identified as a successful damage indicator in beam and plate elements, trusses and simple structures in 
reinforced concrete and steel. Successful application of the modal flexibility phenomenon to detect and 
locate the damage in suspension bridge main cables has received limited attention in recent research 
work. This paper, therefore examines the potential of the modal flexibility based Damage Index (DI)for 
detecting and locating damage in the main cable of a suspension bridge under four different damage 
scenarios. Towards this end, a numerical model of a suspension bridge cable was developed to extract the 
modal parameters at both damaged and undamaged states. Damage scenarios considered in this study 
with varied location and severity were simulated by changing stiffness at particular locations of the cable 
model. Results confirm that the DI has the potential to successfully detect and locate damage in 
suspension bridge main cables. This simple method can therefore enable bridge engineers and managers 
to detect and locate damage in suspension bridges at an early stage, minimize expensive retrofitting and 
prevent bridge collapse. 
Keywords: Suspension bridges, Main cable, Damage detection, Structural health monitoring, Vibration    
characteristics, Modal flexibility 
1.0 Introduction 
In the advancement of civil engineering, various applications of cables as structural elements can be 
identified in suspension and cable stayed bridges, overhead transmission lines, cable supported roofs, and 
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guyed towers due to their lightness and aesthetics. Cables are the main load bearing elements in 
suspension bridges and hence the life expectancy of a suspension bridge is directly correlated to the 
condition of its cable system. During the course of their life-cycle, bridges are subjected to changes in 
load patterns, often through heavier and faster moving traffic. In addition, bridge cables are exposed to a 
variety of weather patterns, temperature and moisture levels. Consequently, moist air and water may enter 
the interior of the cable through the openings along the cable (imperfections of coating system, poor 
compaction of the wires) and directly expose the cable strands to wetness for long periods of time 
resulting severe corrosion (Sloane et al. 2012). In some situations reduction of the diameter of a cable has 
taken place up to 30% due to corrosion (Sloane et al. 2012). Main cables are also susceptible to long term 
fatigue damage after many years in service. Combination of all these factors reveals development of a 
simple and reliable procedure to detect and locate damage in main cables is necessary to ensure the 
reliability of suspension bridges. 
 
Current Structural Health Monitoring (SHM) systems are integrated with a variety of damage detection 
methods, which are global and local in nature. Requirement of non destructive and global techniques for 
damage diagnosis has led to continuous development in vibration based damage detection (VBDD) 
technique in SHM systems. The fundamental theory of VBDD is that the changes in the structural 
properties of a structure (mass, damping and stiffness) due to damage will cause detectable changes in 
modal properties (natural frequencies, modal damping and mode shapes)(Alvandi and Cremona 2006; 
Fan and Qiao 2011; Shih,Thambiratnam and Chan 2011). The vibration characteristics of a structure are 
functions of its stiffness and mass and therefore variations in modal frequencies and mode shapes can be 
an effective indication of structural deterioration. The damage state of a structure can therefore be 
evaluated by observing the changes in its vibration characteristics. A variety of Damage Indices (DI) have 
been developed using different modal parameters. Among those, DI based on modal flexibility are 
promising in damage diagnosis. 
 
Development of damage detection algorithms based on modal flexibility was pioneered by Pandey and 
Biswas (Pandey and Biswas 1994; Pandey and Biswas 1995).They conclude that the change in flexibility 
can be applied successfully for damage diagnosis in real life structures. This method was examined by 
Farrar and Jauregui(1998) for detecting damage in a bridge and they concluded that further studies are 
needed in normalizing the mode shapes obtained from the ambient vibration tests. Choi et al. (2008) 
combined changes in flexibility and damage index method to develop a new hybrid algorithm to estimate 
the damage severity in timber structures. It was a good tool in assessing damage severity in single damage 
scenarios and less effective in predicting the severity in multiple damage scenarios. Ni et al. (2008) 
examined relative flexibility change (RFC) between intact and damaged state of a cable stayed bridge. 
The RFC index was successful for locating damage in single damage scenarios in the absence of ambient 
effects however some difficulties were encountered in detecting and locating damage at cross girders. 
Modal flexibility method was successfully applied to localize the damage in beam and plate elements by 
Shih et al.(2009). Another application of modal flexibility method was investigated by Moragaspitiya et 
al. (2013) to predict axial shortening of vertical load bearing elements of reinforced concrete buildings. 
However, application of the modal flexibility method in detecting and localizing damage in suspension 
bridge main cables has not been attempted in recent research work.  
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This study therefore, examines the potential of modal flexibility based DI in detecting and locating 
damage in a cable structure. In order to fulfill the objective of this study, four different damage scenarios 
with varied damage location and severity was examined. A numerical model of the cable structure was 
developed to extract the vibration characteristics at both damaged and undamaged states. Damage 
scenarios were simulated in the numerical model by varying the stiffness at the damage locations. Results 
confirm that modal flexibility based DI is capable of detecting and locating the damage in this cable 
structure. Consequently this simple method can be extended for damage detection in the main cables of a 
suspension bridge and it will minimize the cost of retrofitting. 
 
2.0 Finite element modal validation 
 
The Finite Element (FE) model was first validated by comparing results with those from an existing 
study. Towards this end, a numerical two dimensional (2D) model of a suspension bridge was developed 
in ANSYS FE code. That FE model is illustrated in Figure 1, which characterizes the New Carquienz 
Bridge in California, USA. The main span of the bridge is 728 m and Sag/span ratio approximately equals 
to 0.1. It consists of 57 numbers of hangers which are equally spaced at 12.55m intervals. The Irvine 
parameter (Materazzi and Ubertini 2011)which governs the linear theory of suspended cables and another 
non-dimensional parameter(Materazzi and Ubertini 2011)which quantifies the relative significance of the 
bending stiffness of the deck compared to the geometric stiffness of the cable are, 2=240 and 2=3.5x10-3 
respectively. Material characteristics such as Young’s Modulus, density and Poisson’s ratio used in the 
analysis are similar to those used in continuum formulation study of suspension bridges by Materazzi and 
Ubertini (2011) which represents the New Carquienz Bridge. 
 
Main cables, deck and hangers were simulated using BEAM 188 element type in ANSYS FE code. The 
main cable was modeled as hinged at fixed anchors placed at the same vertical elevation. Therefore 
displacements at those hinges were fixed in all three directions and rotations were released. The deck was 
modeled as a uniform, linearly elastic beam, simply supported at its ends. Consequently rotations were 
released in all three directions at each end of the deck, while displacement was free in longitudinal 
direction at one end. The pre stressed modal analysis was conducted to consider geometric nonlinearity of 
cables. It was conducted in two steps. Firstly, nonlinear static analysis under self-weight was performed. 
Secondly, modal analysis was conducted using the last solution obtained at the end of the static analysis.  
 
 
 
Figure 1: Neumerical model of the main span of the New Carquienz Bridge 
 
First five in-plane (vertical) vibration modes were extracted from the FE model and the natural 
frequencies of those modes were used to validate the FE model by comparing with those from the 
continuum formulation study of suspension bridges by Materazzi and Ubertini(2011). Comparison of 
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frequencies of the first five vertical modes of the bridge main span is illustrated in table 1. Percentage 
error of the FE analysis results are less than 6%, which confirms the accuracy of the FE model developed. 
Consequently the same FE modeling techniques were used to model the cable in the damage detection 
studies in the next section of this paper.  
Table 1: Summary of the FE analysis and continuum formulation results 
Mode Shape Mode No. 
FE 
Analysis 
Hz 
Continuum 
formulation 
Hz 
% Error 
Antisymmetric 1 0.14022 0.1333 5.19 
Symmetric 2 0.19932 0.1970 1.18 
Symmetric 3 0.30662 0.3061 0.17 
Antisymmetric 4 0.31481 0.3110 1.23 
Symmetric 5 0.43562 0.4325 0.72 
 
3.0 Damage detection 
 
3.1 Modal flexibility method 
 
Modal flexibility is a promising technique to examine the health state of a structure in SHM. In theory, 
structural deterioration reduces stiffness and increases flexibility. Modal flexibility is computed using few 
lower natural frequencies and mode shape vectors of a structure (Pandey and Biswas 1994). Another 
advantage of this method is that it does not require any analytical model of a structure to estimate the 
flexibility matrix and it can be done using only the experimental data collected from the structure (Pandey 
and Biswas 1994). The modal flexibility matrix of a structure is given by(Moragaspitiya et al. 2013); 
 
    [    
 
  
     
  
                               (1) 
Where [F] is the modal flexibility matrix; i is the mass normalized modal vectors of mode i;     
 is a 
diagonal matrix containing the reciprocal of the square of natural frequencies of mode I and n is the 
number of degrees of freedom (measured) of the structure. The change in flexibility between intact and 
damaged state of a structure is given by; 
 
                                                                                        (2) 
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where‘d’ and ‘h’ denotes the damaged and intact states of the structure respectively. DI derived from 
change in flexibility considering 1
st
 mode to n
th 
measured mode is given by; 
 
   
          
 
   
    
 
   
                                                                            (3) 
 
3.2 Cable model and damage scenarios 
 
The validated numerical model described in section 2.0 of this paper was used to develop the cable model 
for damage detection study. It was modeled as pinned at both ends at the same vertical elevation. The 
cable properties are similar to those which were used in the numerical model described in section 2.0. 
First five in-plane natural frequencies and mode shapes are extracted from the FE analysis of both 
damaged and undamaged cable.   
 
The potential of the modal flexibility based DI derived in equation (3) was examined for damage 
detection and localization using four damage cases. Figure 2 shows the locations of the damage 
considered. Simulation of damage in FE models are carried out by changing the Young’s modulus or 
changing the cross section area or removing elements at damage location. This study simulates damage in 
cable model by reducing Young’s modulus of the particular damage elements considered.  
 
 
 
 
Damage Case1:Element 29,30 25% stifness reduction 
Damage Case2:Element 15 30% stifness reduction 
Damage Case3:Element 15,51 30% stifness reduction 
  Damage Case4:Element 29,30 25% and 50% stifness reduction 
 
Figure 2: Damaged Elements and Cases Considered 
 
3.3 Results and discussion 
 
The first damage scenario (Case1) is damage at elements 29 and 30 of the cable, with 25% loss on 
Young’s modulus (or stiffness). Figure 3 illustrates the performance of the modal flexibility based DI in 
damage localization using first five modes of the cable model. DI reaches its maximum value at the 
damaged location of the cable in case 1 and able to localize the damage correctly.  
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Figure 3: Damage Index -Case1-first five modes 
 
Damaged element 15 at cable with 30% loss on Young’s modulus is the second case of damage to be 
investigated. Figure 4 shows the damage localization capability of DI in case 2. The peak at damage 
location accurately localized the damage in case 2. In order to verify the competency of DI for locating 
the multi-damage in the cable, a third damage case was studied. In Figure 5 two peaks can be observed 
and they are coinciding with the exact locations of the damage simulated in the cable for case 3. 
 
 
 
Figure 4: Damage Index -Case2-first five modes 
 
 
 
 
Figure 5: Damage Index -Case3-first five modes 
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Each case studied indicates that DI has a very good potential in locating the damage in cable. In case 4 DI 
was plotted for two different damage severities as illustrates in Figure 6. The magnitude of the DI changes 
according to the damage severity and it demonstrates that there is a potential of damage quantification 
using modal flexibility in suspended cables.   
 
4.0 Conclusion 
 
The defects such as corrosion and fatigue in suspension bridge cables need to be detected at their early 
stages to enhance the serviceability condition of suspension bridges. A simple and reliable method based 
on modal flexibility to detect and locate damage on a cable model was examined. Three damage scenarios 
with different damage locations and one scenario with varied damage severity were investigated. DI 
performs well in locating damage in the cable model with single damage scenario and multiple damage 
scenarios. The magnitude of the DI changes with the severity of damage indicates that the modal 
flexibility can be used in damage quantification. 
 
This study was limited to application of modal flexibility for detecting and localizing damage of a 
suspension bridge cable. This technique will be extended to treat a complete suspension bridge with 
different modes of vibration (vertical, lateral, torsional and coupled modes) under noisy conditions. 
 
 
 
Figure 6: Damage Index –Case4-first five modes 
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